We have constructed a physical map of the region homozygously deleted in the U2020 cell line at 3p12, including the location of putative CpG islands. Adjacent to one of these islands, we have identi®ed and cloned a new gene (DUTT1) and used probes from this gene to detect two other homozygous deletions occurring in lung and breast carcinomas: the smallest deletion is within the gene itself and would result in a truncated protein. The DUTT1 gene is a member of the neural cell adhesion molecule family, although its widespread expression suggests it plays a less specialized role compared to other members of the family.
Introduction
Tumour suppressor genes usually require inactivation of both alleles to elicit a phenotypic eect. This can occur by point mutation in one allele and deletion of the other allele, the latter usually involving a large segment of the chromosome. This is visualized cytogenetically as chromosomal deletions and detected using markers for polymorphic loci by loss of heterozygosity (LOH). Many tumour-speci®c regions of LOH have been reported but, even with detailed deletion mapping, the minimally deleted region may be too extensive for systematic gene searching. The identi®cation of a small, homozygous deletion which nests within a larger region of heterozygous loss has often been crucial for isolation and identi®cation of tumour suppressor genes (Gessler et al., 1990) .
Lung tumours have several, well documented, consistent somatic genetic changes (Rabbitts, 1994) . Deletion and LOH of chromosome 3 is particularly noteworthy as it occurs with a high incidence in all histological subtypes of this disease (Gazdar et al., 1994) . High resolution deletion mapping using VNTR probes has indicated three distinct regions involved in lung cancer development on this chromosome ± 3p25, 3p21.3 and 3p14 74cen (Hibi et al., 1992) . We have concentrated on the most proximal of these three regions having described centromeric interstitial deletions in two primary small cell lung cancers (SCLC) (Daly et al., 1991; Ganly et al., 1992) and a homozygous deletion at 3p12-13 also in a SCLC sample (Rabbitts et al., 1990) , the U2020 deletion. Further support for the importance of this region is provided by karyotype analyses in which deletions in proximal 3p are the only observable cytogenetic change. For example, we have described a karyotype of a short term culture isolated from apparently normal bronchial epithelium in a lung tumour-bearing patient in which deletion of the 3p13-14 region was the only observable chromosomal abnormality . In addition, damage to 3p12-14 has been detected as the sole chromosomal abnormality in several breast carcinomas (Pandis et al., 1993) .
The U2020 deletion is at least 8 Mb in size (Todd et al., 1995) , normally too large a region in which to systematically search for genes. However, converging evidence suggests that this is a region of low gene density thus facilitating the task of identifying a candidate tumour suppressor gene. Furthermore, recent deletion mapping using bronchial dysplasia samples which often have smaller interstitial deletions than malignant tumours, has indicated that the minimally deleted region lies in the distal half of the U2020 deletion (Chung et al., 1996) .
We have covered the region deleted in U2020 with YACs from the ICI/Zeneca library and the CEPH mega YAC library and mapped their CpG islands. Using a method developed by Valdes et al. (1994) to isolate genes (island rescue PCR) which relies on the frequent association of CpG islands and genes, an island rescue PCR product was prepared from a CpG rich YAC and used to generate probes for cDNA library screening which resulted in the isolation of the deleted in U-twenty twenty gene (DUTT1). Screening lung and breast cell lines with a probe from this gene has identi®ed two further homozygous deletions. The larger of the two, around 4 Mb, is from a breast carcinoma cell line. The smaller deletion removes a portion of the DUTT1 gene which includes potential coding sequence.
The DUTT1 gene is a member of the family of neural cell adhesion molecules (NCAM) which includes the deleted in colon carcinoma, DCC gene. Taken together, these observations of appropriate chromosomal location, evidence of genetic damage and the implied function of the DUTT1 protein indicate that this gene should be investigated further to determine if it plays a role in the development of lung and other tumours.
Results
Physical map of the region deleted in U2020
We have previously described how single copy clones from the 3p14 74 cen region were segregated into those which fell within the U2020 deletion and those which did not (Lerman et al., 1991; Latif et al., 1992) . Those clones or sub-clones from within the deleted region were partially sequenced to enable oligonucleotides to be synthesized for screening the ICI/Zeneca YAC library screening. The sequences of the oligonucleotides used are available from the Human Genome Data base under the appropriate D number (Fasman et al., 1996) (Figure 1) . A number of markers in common usage have been found to map within the deleted region ( Figure 1 ) and these were also used to screen the YAC libraries.
Using mapping methods described previously (Ogilvie et al., 1993) individual YACs were overlapped and grouped into seven contigs. To order these contigs relative to each other, representative ICI/Zeneca YACs, from each contig, distinguished by dierent labels were hybridized in pairs to normal human metaphase chromosomes as described previously (Heppell-Parton et al., 1994) (results not shown). One of the independently isolated STSs, D3S1274, has been mapped to four overlapping CEPH megaYACs (934e8, 910c9, 885e2, 826e10), see Figure 1 , and provided access to a tiling path described in the Genathon-CEPH mega YAC database. D3S1274 was mapped to the ICI/Zeneca YACs 35AH8 and 15HC9sp13 and thus allowed the above CEPH mega YACs to be anchored on the YAC contig map. The markers mapped to this contig were assessed for their presence in these CEPH mega YACs and adjacent overlapping YACs identi®ed using the database. In this way CEPH YACs were identi®ed which were positive for markers in more than one contig of ICE/Zeneca YACs, thus linking and orientating the contigs. All the contigs except one were linked. Evidence from¯uorescence in situ hybridization suggests that this unlinked contig is at the proximal end of the deletion. Figure 1 indicates which YACs are positive for U2020 deletion related markers. This map is in broad agreement with a previously published map of this region (Gemmil et al., 1995) . Mapping genes into the region deleted in U2020
Mapping of the region deleted in the U2020 cell line indicates that it is at least 8 Mb. During the course of this work any genes mapped to the interval 3p1374cen were tested for presence or absence in the U2020 genome (results not shown). Of the nine genes tested, only glycogen branching enzyme (Thon et al., 1993) fell within the deleted region, although the deletion probably encompasses a large proportion of the DNA in the interval 3p1374cen. This observation of a paucity of genes within the U2020 deletion is not expected in view of the viability of the cells despite such a large homozygous deletion and since G-dark banded regions like 3p12 are predicted to be gene-poor as eectively demonstrated by transcriptional mapping of chromosome 21 (Tassone et al., 1995) . It is supported by rare cutter restriction mapping of the YACs within this region ( Figure 1 ) which indicates only 13 potential CpG islands. Thus of the many methods avilable to isolate genes from genomic clones, island rescue PCR was chosen as this provides a method for gene isolation in the vicinity of CpG islands (Valdes et al., 1994) . The YAC 25DH8 (ICI/Zeneca) from a CpG-rich region was used as a template for island rescue PCR as described in Materials and methods and a probe generated which was used to screen a gridded chromosome 3 cosmid library to obtain a larger genomic clone. A repeat-free subclone of the cosmid was then used to screen a HeLa cDNA library. The puri®ed cDNA clones from this library were hybridized to normal and U2020 DNA to show their absence from the latter and to con®rm that the clones were likely to represent true cDNAs by their hybridization to multiple fragments of genomic DNA (result not shown). The initial cDNA clones were used to isolate further overlapping cDNAs from the HeLa library which were sequenced to predict the complete amino acid sequence corresponding to the DUTT1 gene (Sundaresan et al., 1998) . The sequence indicates that this gene is a member of the NCAM family.
Homozygous deletions nesting within the U2020 deletion
A number of lung and breast tumour DNAs were screened by Southern blotting with a cDNA clone of the DUTT1 gene searching for evidence of gene rearrangement or homozygous loss. Two cell lines showed evidence of homozygous loss: a SCLC cell line (NCI H219x) and a breast tumour cell line HCC38 (Figure 2) . In order to map the extent of these homozygous deletions, DNA from these cell lines, the U2020 cell line and normal DNA as controls was used as template for PCR deletion mapping of 43 loci extending throughout the U2020 deletion with the highest density of markers chosen from the region surrounding the DUTT1 gene (representative analyses are shown in Figure 3 ). This indicated that the homozygous deletion in HCC38 (the breast cancer cell line) spans between markers D3S2527 and D3S2537 (Figure 1 ) and is estimated to be at least 4 Mb. In contrast, the homozygous deletion detectable in the SCLC cell line (NCI H219x) which Southern blotting had indicated was within the DUTT1 gene, involved only three markers: D3S4492, which is within the DUTT1 gene, and two adjacent telomeric markers, D3S2498 and D3S1274 (Figure 3) . Two other tumour cell lines isolated from the same patient carry exactly the same homozygous deletion indicating that the deletion arose in the tumour rather than during culture of the cell line.
To relate the homozygous deletion within the DUTT1 gene in the NCI H219x cell line to the damage to the DUTT1 mRNA in this cell line, cDNA clones representing dierent regions of the DUTT1 gene (detailed in the legend to Figure 4 ) were hybridized to a Southern blot ®lter of EcoRI digested normal and NCI H219x DNA. The cDNA clone which spans the initiator methionine codon detected a dierence between normal and tumour DNA, a missing band in the tumour DNA (Figure 4b ) whereas probes for¯anking regions showed an identical hybridization pattern for each probe in normal and NCI H219x DNA (Figure 4a ± c) , suggesting that the homozygous loss was within the DUTT1 gene. This observation predicts that the other two markers homozygously deleted in this cell line, D3S2498 and D3S1274, also fall within the DUTT1 gene. A detailed physical map of the DUTT1 gene is currently being constructed to determine the exact size of the homozygous deletion in NCI H219x and the position of the markers within the deletion.
To determine the precise nature of the deletion in the DUTT1 mRNA, primers corresponding to regions spanning the initiator methionine codon were used to amplify sequences from normal and NCI H219x RNA. The RT ± PCR product derived from the tumour RNA, was smaller than its wild type counterpart. Sequence analysis of the PCR product indicated that the lung tumour RNA was shorter by 327 nucleotides (results not shown). The deletion results in the loss of amino acids nos 19-128 coded for by exon 2 (Chung et al, unpublished observations) corresponding to the ®rst immunoglobulin domain of the DUTT1 protein.
Discussion
We ®rst identi®ed loss of the chromosomal region 3p1474cen as important in lung tumours following a deletion mapping study of a primary carcinoma of the lung in which this region was heterozygously lost by interstitial deletion (Daly et al., 1991; Ganly et al., 1992) . This was con®rmed by the detailed deletion mapping study of Hibi et al., 1992) which identi®ed three regions on 3p involved in lung tumour development of which 3p1474 centromere was one. Further de®nition was provided within this broad region by our discovery in the U2020 cell line of a homozygous deletion around D3S3, (Rabbitts et al., 1990) which was later shown to be at least 8 Mb (Todd Figure 3 PCR analysis of STSs in 3p12 ± 13 in cell lines U2020, HCC38 and NCI H219x. DNA from the cell lines U2020, HCC38 and NCI H219x was ampli®ed in PCR reactions using primers for the loci along the top of the ®gure together with primers (control) for uninvolved loci on chromosome 3 (chosen to give a suitable size) to con®rm that the sample contained DNA suitable as a template for PCR. For each cell line at each locus a parallel PCR reaction was prepared with normal DNA as template with both test and control primers. Each small panel has tumour DNA on the left and normal DNA on the right. Arrows indicate the PCR product ampli®ed using primers from the test locus. Arrow-heads indicate that the PCR product ampli®ed using the control primers. , 1995) . Con®rmation of the importance of this region was provided by the independent description of a cervical carcinoma sample with a homozygous deletion in the same region at U2020 (Aburent, 1994) . Recently we have reported the characterization of a small interstitial deletion in a bronchial dysplasia which only partly overlaps the U2020 deletion and indicates that the minimally deleted region lies distal to D3S1511 (Chung et al., 1996) (Figure 1 ). In this paper we have described a homozygous deletion in a breast carcinoma cell line (HCC38) which overlaps with the distal half of the U2020 deletion and a SCLC cell line (NCI H219x) which has a small homozygous deletion which is within a gene, DUTT1, ®rst isolated in this study (Figure 1 ). In view of the predicted very low density of genes in the 3p12 chromosomal region, any gene which emerges following this cascade of chromosomal re®nement must be evaluated as a candidate tumour suppressor gene. The DUTT1 gene belongs to the neural cell adhesion molecule family (NCAM). Recently a Drosophila gene, roundabout (robo) has been isolated which has the same domain and motif structure as human DUTT1 and shares 58% and 48% respectively with the ®rst two Ig domains, and is therefore very likely to be the drosophila homologue of the human gene (Kidd et al., 1998) . In Drosophila the robo gene codes for an axon guidance receptor and the human homologue may well have a similar function. The gene for familial nonspeci®c dementia maps to a 12cM region spanning the centromere of chromosome 3 (Brown et al., 1995) : DUTT1 may be a candidate gene for this disease. However our preliminary investigation by Northern blot analysis of DUTT1 gene expression in human and mouse tissues and cell lines indicates that it is expressed in tissues other than those with neuronal functions (Sundaresan et al., 1998) . Other members of the NCAM family are involved in mediating cell to cell interaction (Rutishauser et al., 1988) and it may be that the human homologue is also involved in similar activity. Inactivation or reduced expression of such a gene could conceivably result in aberrant control of tissue architecture such as is seen in the early, preinvasive stages of tumour development. This is consistent with the observation that genetic loss on chromosome 3 is an early event in the aetiology of lung and other tumours, detectable in epithelial dysplasias (Chung et al., 1995; Hung et al., 1995) . If inactivation or reduced expression of DUTT1 results in a loss of cell to cell adhesion and this is a very early event in the development of lung cancer, it may allow cells in hyperplastic/metaplastic bronchial lesions to dissociate from the epithelial sheet and migrate to other parts of the lung explaining the unexpected observation that bronchial lesions, with the same genotype, and therefore apparently clonally related, can be detected in dierent lobes of the lung (Hung et al., 1995; Franklin et al., 1997) .
Materials and methods

YAC library screening and contig assembly
A panel of chromosome 3 markers which did not hybridize to U2020 DNA, and thus located within the region deleted in U2020 was identi®ed (Lerman et al., 1991) , subcloned and sequenced to provide oligonculeotides for library screening. The sequence of oligonucleotides for these new STSs (those without an asterisk in Figure 1 ) can be obtained from GDB.
The ICI/ZenecaYAC library is organized to facilitate screening by a series of hierarchical PCR reactions using DNA pools: a detailed account of its use has already been published . DNA was prepared from YACs identi®ed and selected by the screening process and characterized by PCR (with the original marker), pulse-®eld gel electrophoresis (PFGE) and ®lter hybridization in order to determine their size and purity. Insert-terminal YAC segments were isolated as described, using the Vectorette method (Ogilvie et al., 1993; Riley et al., 1990) . Brie¯y, YAC clone DNA, in the presence or absence of host (yeast) DNA, was digested with AluI, V, PvuII or RsaI and then ligated with appropriate sticky-or blunt-ended Vectorette units. These`Vectorette library' DNAs were then used as a substrate in PCR with pYAC4 left and right end speci®c and Vectorette-speci®c oligonucleotides to amplify insertterminal DNA in two rounds of PCR. PCR products were sequenced directly from either end using primers complementary to the pYAC4 vector or the Vectorette. The resulting sequence provides sequence tagged sites (STS) for the YAC and was used to design PCR primers for rescreening the YAC library. EcoRI-cut (i.e. vector-free) insertterminal PCR products were used as hybridization probes. Ends from newly isolated YACs were characterized by hybridization to ®lters containing a panel of all the YACs so far assigned to the U2020 deleted region, identifying overlaps and creating contigs.
Ordering and overlapping of contigs of ICI/Zeneca YACs using CEPH megaYAC clones
The contigs of ICI/Zeneca YACs were overlapped using markers assigned to these YACs to screen the CEPH megaYAC library. A number of independently isolated STSs, indicated by asterisks in Figure 1 , fall within the interval deleted in U2020. One of these, D3S1274, has been mapped to several overlapping CEPH megaYACs ( Figure  1 ) thus providing access to a tiling path described in the Genathon-CEPH megaYAC database. D3S1274 was mapped to several ICI/Zeneca YACs (Figure 1 ) allowing the D3S1274 positive CEPH YACs to be anchored on the ICI/Zeneca YAC contig map. The other markers mapped to this contig were assessed for their presence in these CEPH megaYACs and adjacent overlapping CEPH YACs identi®ed using the database. In this way CEPH YACs were identi®ed which were positive for markers in more than one contig of ICI/Zeneca YACs, thus linking and orientating the contigs. Figure 1 indicates which CEPH megaYACs were positive for which markers.
Restriction mapping of YACs
Restriction enzyme maps of YACs were prepared using standard methods (Butler et al., 1992) after digestion with a range of rare cutter restriction enzymes: BSSHII, EagI, SacII, S®I and NotI.
Island rescue PCR
The yeast cells containing YACs of interest were grown and high molecular weight DNA prepared in agarose gel plugs . For enzyme digestion, half a yeast plug was immersed in 15 ml of TE buer (10 mM) Tris pH 7.4, 1 mM EDTA) for 2 h and then transferred to fresh TE and gently agitated overnight at 48C. Plugs were incubated in 500 ml of the relevant enzyme buer at 48C for 30 min, following which, plugs were placed in 100 ml of fresh enzyme buer, with 50 units of the appropriate rare cutter enzyme for 5 h at the temperature appropriate for digestion. Plugs were then transferred to 500 ml of ligase buer (50 mM Tris HCl pH 7.6, 10 mM MgCl 2 , 1 mM DTT) and incubated at 48C for 1 h. Ligation buer was replaced and 10 ml of 2 pmol/ml annealed vectorette oligonucleotides added (equimolar amounts of the appropriate upper and lower Vectorette oligonucleotide primers were prepared in 25 mM NaCl, heated to 658C and then allowed to cool to room temperature). The plugs were then heated to 658C to inactivate the restriction enzyme and melt the plug, then cooled to 378C and rATP, to a ®nal concentration of 1 mM and 1 ml T4 DNA Ligase (New England BioLabs) were added and incubated overnight at 168C. The ligation reaction was diluted with 200 ml of distilled water, aliquoted and stored at 7208C. Vectorette PCR was carried out in a total volume of 50 ml using 5 ml of template DNA, in 25 mM Tricine (pH 8.4), 85 mM potassium acetate, 1.7 mM magnesium acetate and 500 ng of relevant primers, 2.5 units amplitaq (Perkin Elmer) 20 mM of each dNTP (Pharmacia). Ampli®cation was carried out with vectorette plus alu primers and alu primers on their own. PCR was performed on an Omnigene thermocycler, and cycling conditions were as follows: 968C 5 min, followed by hot start, addition of 2.5 units of Taq polymerase, then 30 to 35 cycles of 968C for 1 min, 558C for 1 min 728C for 4 min, with the extension step being increased by 7 s per cycle. The last cycle was followed by a 728C, 10 min extension step. PCR products were resolved on a 2% low melting point agarose gel with ethidium bromide. Dierentially ampli®ed bands identi®ed under UV light, were cut out of the gel and melted in three volumes of distilled water before radiolabelling by the random priming method.
Cosmid isolation and subcloning The gridded Lawrence Livermore¯ow-sorted chromosome 3 cosmid library (LL03) was probed after prehybridization with placental DNA with a repeat suppressed probe prepared from the IR PCR product. Positive cosmid clones were plated in LB agar plates with kanamycin selection, and 20 single colonies re-screened with the island rescue PCR probe. Positive clones were grown overnight in 26TYE with kanamycin selection and 4 ml of the overnight culture used for DNA preparation by the alkaline lysis method, eluting in 100 ml total volume of double distilled water. Five microlitres of the eluant were used for rare cutter restriction digestion analysis with a range of enzymes (New England BioLabs). The positive cosmid (118C7) was sub-cloned into pBluescript. Subclones were analysed by Southern blotting with the relevant island rescue PCR probe to identify the plasmid subclone containing the CpG island.
PCR ampli®cation of STS
PCR ampli®cations were carried out in a ®nal volume of 20 ml with 50 ng DNA template, 0.4 mM forward and reverse oligonucleotide primers, 200 mM of each dNTP, 16Taq buer and 2 units of Taq polymerase. Hot start PCR procedures were performed as standard. After initial denaturation at 958C, for 5 min, 30 cycles of PCR were performed, each consisting of 30 s at 958C, 30 s at 558C and 1 min at 728C and a ®nal extension at 728C for 5 min. The PCR products were then separated by electrophoresis on a 4% NuSieve 3 : 1 gel and stained with ethidium bromide.
RT ± PCR and sequencing analysis
RNA was prepared from NCI-219x and a human B-cell line and copied into cDNA using reverse transcriptase with the primer 5'-GTCATCCACAGTTACTGCCA-3' (HC4.3R3). Primers (5'-GCCCCTGAAAACTCTTGGC-TA-3')(HC1AF3) and (5'-TTGCCAGCGTCACTTTTA-CG-3')(HC4.3R2) were used in PCR. The PCR product was puri®ed and cloned into pGEM-T vector (Promega). Single stranded DNA was prepared as described (Chung et al., 1995) and sequenced using T7 or SP6 primer using sequenase kit (Amersham).
